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Introduction
and structure of the transcript (Pribyl and Martinson, 1988) A variety of cellular processes, ranging from correct gene have been implicated in mediating pol II termination. One expression to homologous recombination and chromosome of the functions of this DSE may be to pause the elongating transmission, are dependent on efficient transcriptional polymerase (Enriquez-Harris et al., 1991; Eggermont and termination. Failure of the elongating polymerase to stop Proudfoot, 1993) in a similar fashion to that observed for transcription before reaching the adjacent transcription both pol I and pol III. unit can lead to a reduction in the expression of the Polyadenylation signals also appear to direct termination downstream gene by destabilizing the binding of transcripof pol II transcription in S.cerevisiae. Pol II-mediated tion factors to the promoter (Bateman and Paule, 1988;  transcription into centromeres and autonomously replicat- Henderson et al., 1989) . Such 'transcriptional interference' ing sequences (ARSs) dramatically affects plasmid has also been shown to impede correct transmission of stability in yeast. Relief of this type of 'transcriptional eukaryotic chromosomes (Hill and Bloom, 1987) and interference' has therefore been employed to identify meiotic gene conversion (Rocco et al., 1992) . In yeast, putative pol II transcription terminators (Snyder et al. , where transcription units are densely packed on the com-1988) . Using this approach, various elements involved in pact genome, the requirement for efficient termination CYC1 polyadenylation have been shown to be necessary of transcription may be particularly significant (Oliver for correct plasmid maintenance in vivo (Russo and et al., 1992) . Sherman, 1989; Russo, 1995) . CYC1 transcriptional terThe high level of the transcripts synthesized by RNA mination signals have also been investigated directly by polymerase I (pol I) and RNA polymerase III (pol III) transcription 'run-on' (TRO) analysis. An 83 bp fragment has facilitated the investigation of signals that direct their that encompasses the region necessary for correct CYC1 formation. Pol I transcription terminates some 10-20 bp polyadenylation has been shown to direct efficient terminaupstream of the binding site for a sequence-specific protein Reb1p (reviewed in Reeder and Lang, 1994) . In vitro tion (Osborne and Guarente, 1989) . This 83 bp CYC1 fragment was also shown to be sufficient to direct transcripura4 transcription was four to five times higher when the ura4 gene was present on a plasmid, the pattern of transcript tional termination in an assay where levels of plasmid superhelicity were employed to measure transcriptional signals derived from the genomic and plasmid templates across the 3Ј end of the ura4 gene appeared very similar. activity (Osborne and Guarente, 1988) . The possible involvement of a 'rho-like' helicase function in pol II
The background level of signal detected over probe 4 is indicative of transcription of the wild-type ura4 gene tertermination in yeast has been raised by the ability of the Escherichia coli rho protein to mediate efficient RNA pol minating close to the poly(A) site located in probe 3. To demonstrate promoter specificity and to improve the II transcription arrest in vitro (Wu and Platt, 1993) .
The role of signals located downstream of the poly(A) sensitivity of the TRO assay, the 5Ј end of the ura4 gene was replaced by the promoter of the nmt1 gene. The nmt1 site in mediating transcriptional termination in yeast has not been addressed directly. An in vitro investigation has gene is highly expressed and easily regulated, being repressed in the presence of 2 μM thiamine [no message suggested that transcription stops beyond the site of polyadenylation of both the GAL7 and ADH2 genes in with thiamine, nmt (Maundrell, 1990) ]. As shown in Figure  2 , a TRO analysis was carried out on the ura4 deletion strain S.cerevisiae (Hyman and Moore, 1993) . These results support previous in vivo data that implicate elements transformed with the nmt1-ura4 fusion plasmid (pNU). When grown in the absence of thiamine, high levels of ura4 downstream of the CYC1 processing signal in directing termination of transcription (Russo and Sherman, 1989) .
transcription were observed across antisense probes 1, 2 and 3. However, when thiamine was present in the growth It is apparent that the precise signals and mechanism required for transcriptional termination by RNA polymedia, only background levels of transcription were detected across the antisense probes. The relative level of merase II are as yet poorly understood. We have used a TRO assay to map polymerase density at the 3Ј end of nascent ura4 transcription detected with pNU is~8-fold greater (unpublished data) than that found with pU (Figure the fission yeast ura4 gene in order to identify the signals required for transcription termination. Using this assay, 1B; 3). As the level of nascent transcription falls close to background over probe 4, similar to that observed with the we show that a DSE together with a functional poly(A) signal are required for termination of transcription close genomic and plasmid-borne copies of the intact ura4 gene, it appears that the signals directing termination of ura4 to the poly(A) site in yeast. Moreover, TRO analysis and in vivo poly(A) site competition data indicate that the transcription are also recognized efficiently by polymerases initiating at the heterologous nmt1 promoter. However, the DSE functions by pausing the elongating polymerase in the region where transcription terminates.
level of signal over probe 3 is considerably higher in pNU than with the intact ura4 gene ( Figure 1B ; 3, and Figure 2 ). It is possible that the strong nmt1 promoter may generate
Results
more highly 'processive' polymerase complexes than the wild-type ura4 gene, resulting in an increased polymerase Nascent transcription at the 3Ј end of the S.pombe ura4 gene density at the 3Ј end of the ura4 gene. A similar increase in polymerase density has been observed recently following A TRO assay was employed to measure levels of polymerase density at the 3Ј end of the ura4 gene in activation of RNA polymerase II by Gal4 in S.cerevisiae (Akhtar et al., 1996) . We note that thiamine-mediated Schizosaccharomyces pombe. The TRO assay involves brief incubation of detergent-permeabilized yeast cells in repression of the nmt1-ura4 transcription unit coincides with the appearance of low level nascent transcripts over a transcription buffer containing [α-32 P]UTP, followed by the hybridization of the pulse-labelled partially hydrolysed sense probes 1 and 2. These antisense transcripts are also detectable using the intact ura4 gene ( Figure 1B ) and do RNA to immobilized strand-specific templates. During the 'run-on' reaction, polymerase complexes only elongate a not appear to be regulated by thiamine (unpublished data). Apparently, high levels of transcription generated by the short distance, incorporating [α-32 P]UTP into the growing RNA chain. As such, the 'run-on' signal is proportional nmt1 promoter inhibit formation of these antisense transcripts. However, their functional significance is unclear. to the density of active RNA polymerase complexes on the DNA template. Assuming polymerase molecules dissociate from the template following cessation of tranTranscription terminates efficiently close to the ura4 poly(A) site scription, this assay can therefore be used to identify where transcription terminates, by locating where levels To define more accurately where transcription terminates at the 3Ј end of the ura4 gene, a series of shorter singleof polymerase density fall to zero.
'Run-on' analyses across the 3Ј end of the ura4 gene stranded M13 probes 1'-8' (100 nucleotides or less) were used to detect nascent transcripts ( Figure 3 ). As a control were performed in: (i) the ura4 deletion strain (h ϩ , ade6-704, ura4-D18, leu-32) where the 1.76 kb HindIII fragment for both the T content of these probes and their relative ability to hybridize to RNA, uniformly labelled RNA syncontaining the ura4 gene has been deleted from chromosome III (Grimm et al., 1988) ; (ii) the wild-type strain 972 thesized by T7 RNA polymerase was also tested (Strobl and Eick, 1992) . (h -) carrying a single genomic copy of ura4; and (iii) where multiple copies of the ura4 gene are present on the autonomThe level of nascent ura4 transcription detected across these short probes declines dramatically after probe 4', ously replicating plasmid pU ( Figure 1A ). TRO analyses in strains where one or more copies of the ura4 gene are present falling to background levels over probe 8' in both pU and pNU ( Figure 3 ). As the polyadenylation site of both ura4 revealed significant levels of incorporation of [α-32 P]UTP into ura4 primary transcripts detected over antisense probes and nmt1-ura4 transcripts has been mapped to a position 8 bp from the 3Ј end of probe 1' [ura4 (Humphrey 1, 2 and 3. In contrast, only background levels were detected with the ura4 gene removed ( Figure 1B clearly proceeds beyond the ura4 polyadenylation site and transcriptional termination at the 3Ј end of the ura4 gene. A TRO analysis was therefore performed on a strain in terminates across probes 5'-8', 180-380 bp downstream.
which a 362 bp AvrII-HindIII fragment encompassing probe 3 had been deleted (pNUD). The high levels of Polyadenylation signals and a region located downstream of the poly(A) site are required for transcripts hybridizing to probe 4 (162%), probe 5 (211%) and probe 6 (140%) demonstrate that signals within efficient termination of transcription The decrease in transcription signals observed between probe 3 are necessary to mediate efficient transcriptional termination ( Figure 4A ; 2). probes 2 and 4 (Figures 1B and 2A) suggests that signals within this region were responsible for mediating
In S.cerevisiae, polyadenylation signals are believed to be involved in directing pol II termination (Osborne and Guarente, 1988, 1989; Russo and Sherman, 1989; Russo, 1995) . As three distinct sequence elements involved in ura4 3Ј end formation: two site-determining elements (SDE1 and SDE2) and an efficiency element (EE) , are located within the region covered by probe 3, it seemed likely that these elements were responsible for directing termination of pol II-mediated transcription in fission yeast. Previously we had generated specific mutations of these signals which destroy their ability to promote 3Ј end formation activity (see Materials and methods and Humphrey et al., 1994) . Mutation of the three signals in combination (pNUM) resulted in a significant level of readthrough transcription beyond probe 3 (probe 4, 87%; probe 5, 63%; and probe 6, 12%), demonstrating that these 3Ј end formation signals also play an important role in termination of ura4 transcrip- tional element(s) was still present within the probe 3 region of pNUM, which was affecting levels of transcription ( Figure 4A ; 2 and 3). To investigate whether sequences a homologous version of probe 3 was employed. Even so, it is evident that for pNUM there is an enhanced signal located downstream of the three previously identified elements play a role in ura4 transcript termination, a TRO for probe 3 contrasted by a greatly reduced signal with pNUM-DSE. These data can be interpreted as evidence assay was performed on a strain in which the 135 bp region between the efficiency element and the 3Ј end of for a pausing effect induced by sequences in the DSE region. This phenomenon is described in more detail below. probe 3 are deleted in combination with the mutations in the 3Ј end formation signals (pNUM-DSE). The increased
The effect of these mutations on the efficiency of ura4 3Ј end formation in vivo was assessed by measuring levels level of transcription readthrough detected over probes 4, 5 and 6 (118, 203 and 114% respectively) with the DSE of steady-state transcripts using Northern blotting. Deletion of the region covered by probe 3 resulted in the formation removed indicates that the DSE is also involved in directing termination. Furthermore, removal of the DSE of a dramatically reduced level of longer steady-state transcripts, polyadenylated well downstream of the wildalone (pNU-DSE) resulted in elevated levels of transcription beyond probe 3. The readthrough transcripts observed type ura4 poly(A) site ( Figure 4B ; 1 and 2). RT-PCR analysis revealed that these transcripts were polyadenylover probe 4 (72%), probe 5 (35%) and probe 6 (10%) demonstrate that the DSE element is required for transcripated at sites within probe 6 (unpublished data). The 'weak' nature of these downstream cryptic signals (unpublished tional termination close to the ura4 poly(A) site ( Figure  4A ; 5). Another feature of these data that should be noted data) may be responsible for the reduced steady-state levels observed. Surprisingly, in the strain carrying mutations in relates to the variation of signal over probe 3 for each of the specific mutations described above. For each mutation, the three elements involved in ura4 3Ј end formation The schematic composition of constructs transformed into the ura4 deletion strain is indicated, with shaded boxes representing mutated forms of a given element. Homologous hybridization probes 1-6, incorporating mutations where necessary, were used to detect 'run-on' signals. The restriction sites employed in the construction of the M13 probes are indicated. The hybridization pattern produced with a uniformly labelled T7-generated transcript across the wild-type probes used with construct pNU (1) is also shown. Transcription levels are corrected for M13 background signals, related to the hybridization signal observed with the uniformly labelled transcript (6), then plotted with respect to probe 1. (B) Northern blot analysis: 10 μg of total RNA extracted from given constructs was separated on a 1.5% denaturing formaldehyde gel, transferred to a nylon membrane and hybridized with a ura4-specific 1.2 kb HincII-EcoRV random primer-labelled probe.
(pNUM), efficient polyadenylation of ura4 transcripts was levels of polymerase density accumulate across this region independently of the signal within the 5Ј DSE. still observed close to the wild-type poly(A) site. Although the major site of polyadenylation had shifted slightly (RTDifficulties encountered using 'run-on' analysis to measure polymerase density have stemmed from the PCR unpublished results), the ability of this construct to direct polyadenylation in this region demonstrated the failure of transiently paused polymerases to be represented adequately on the polymerase profile (Strobl and Eick, presence of an additional, cryptic signal with the capacity to mediate 3Ј end formation. Removal of the DSE (pNUM-1992; Eick et al., 1994) . The inability of such paused ternary complexes to elongate during the 'run-on' reaction DSE) only slightly altered the pattern of 3Ј end formation observed with pNUM, with~10% of transcripts now has led to under representation of this class of polymerase in the overall profile. In order to circumvent such problems, polyadenylated at the distal sites observed in the deletion strain pNUD.
we have performed the 'run-on' assay in a high salt transcription buffer in sarkosyl-permeabilized yeast cells. The steady-state RNA results for pNU and pNUD are consistent with the data from the in vitro TRO assay Under such conditions, paused polymerase complexes have been shown to switch to an elongation-competent showing that the intact ura4 signals direct efficient 3Ј end formation while deletion of the 270 bp region covered by status (Rougvie and Lis, 1988; Krumm et al., 1992) ensuring a relatively complete polymerase profile. probe 3 results in transcriptional readthrough ( Figure 4A ; 1, 2, and B; 1 and 2). However, pNUM gave little
The elevated level of polymerase density over DSE may well reflect a region where elongating polymerases detectable readthrough RNA, and removal of the DSE (pNUM-DSE) led to only a small increase in readthrough accumulate in response to a transcriptional pause signal. The presence of both sarkosyl (0.5%) and KCl (250 mM) product ( Figure 4B, lanes 3 and 4) . In contrast, TRO analysis showed significant readthrough transcription for should ensure that such paused polymerases will elongate during the 'run-on' reaction and thus be represented in pNUM and almost full levels of readthrough for pNUM-DSE, equivalent to pNUD. It therefore appears that with the resulting polymerase profile. However, it is also possible that high transcript signals could be produced by pNUM-DSE most of the polymerases continue to elongate beyond probe 3 ( Figure 4A ; 4) even though the majority elevated rates of polymerase elongation across the DNA template. In an attempt to determine whether the high of steady-state transcripts are polyadenylated in the region spanned by probe 3. This difference may well be explained 'run-on' signals observed over the DSE were produced by either a relatively high density of active polymerases by the existence of a weak cryptic polyadenylation signal retained within probe 3 of this construct. Such an element or by polymerases moving at an increased rate, a poly(A) site competition (PAC) assay was performed to assess the may be insufficient to direct transcriptional termination, but have the capacity to compete as a processing signal ability of the DSE to affect the level of 3Ј end formation at two competing sites in vivo. In this PAC assay, two with the distal polyadenylation region.
polyadenylation signals located on the same transcript compete as potential 3Ј end processing sites. The level of The downstream region functions as a transcriptional pause signal polyadenylation at the two signals will depend on both the relative 'strength' of the signals, that is their ability As the DSE appears to affect both the 'strength' of 3Ј end formation signals and level of active polymerases at to recruit the processing factors involved in cleavage and polyadenylation of the transcript, and the relative the 3Ј end of the ura4 gene (Figure 4) , the influence of this element was studied in more detail. TRO analyses availability of the two signals for processing. The period that the upstream signal alone is available for processing indicate that a high level of active polymerases accumulates over the DSE. In addition, an analysis of steadywill reflect the time taken for the transcribing polymerase to elongate between the two signals. If the DSE functions state RNA demonstrates that when placed between two competing polyadenylation signals the DSE promotes 3Ј
by pausing elongating polymerases, we would predict that placing it between two competing polyadenylation signals end formation at the upstream site. These findings, described below, are consistent with the DSE acting to would effectively increase the period in which only the upstream signal was available for processing. We would pause elongating polymerases close to the ura4 poly(A) site. therefore expect to observe elevated levels of 3Ј end formation at the upstream polyadenylation site. If the Short hybridization probes 1'-8' ( Figure 5 ) were used to examine the distribution of active polymerases in strains high 'run-on' signals over the DSE are generated by polymerases moving relatively quickly across this region, carrying mutations in the signals for ura4 3Ј end formation. With the site-determining and efficiency elements mutated we would not expect to observe such an increase in processing at the upstream signal. (pNUM), relatively high levels of ura4 transcripts hybridize to probes 4', 5', 7' and 8'. As the DSE spans probes To achieve poly(A) site competition, signals at the 3Ј end of the ura4 gene, and various derivative constructs, 4' and 5' it can be seen that a relatively high polymerase density appears to accumulate over this element. These were introduced into the nmt1 open reading frame (ORF), thus creating competition between the ura4 and nmt1 3Ј data also confirm the high signal previously observed for probe 3 with pNUM in Figure 4A . end formation signals ( Figure 5B) . These constructs were then transformed into a nmt1 deletion strain, which lacks The accumulation of transcript signals over the 5Ј end of the DSE is orientation specific. When the orientation most of the nmt1 ORF (h ϩ , nmt1 ::ura4, ade6-704, ura4-D18, leu1-32; Maundrell, 1990) . While all nmt1 of the 5Ј DSE is reversed (pNUM/r5Ј DSE), the transcript signal over this region falls dramatically ( Figure 5A ; probe transcripts are polyadenylated at the nmt1 processing site in the absence of a competing 3Ј end formation signal 4'S). Interestingly, signals over probe 5', 7' and 8' remain high in the pNUM/r5Ј DSE strain, indicating that high ( Figure 5B ; 1), insertion of the ura4 3Ј end formation signals into the nmt1 ORF switched the site of polyadenylelongating polymerases thus elevating levels of 3Ј end formation at upstream sites. ation to the upstream ura4 site, with no transcripts being detected at the distal nmt1 processing site ( Figure 5B ; 2).
As such, it would seem unlikely that the high 'run-on' signal detected over the DSE is the result of polymerase Mutation of the ura4 3Ј end formation elements resulted in polyadenylation at two distinct sites in the ura4 region, complexes elongating particularly quickly across this region, but rather indicates that a relatively high density of demonstrating that this fragment retained signals capable of directing polyadenylation of most (95%) of the tranactive polymerase complexes accumulate across the DSE.
In an attempt to locate the functional region within the scripts ( Figure 5B; 4) , in a fashion consistent with steadystate data described above ( Figure 4B; 4) . Removal of the 49 bp 5Ј DSE, three sub-fragments which span the 5Ј DSE (a, 20; b, 16; and c, 19 bp) were assayed for their 49 bp 5Ј DSE (probe 4') considerably 'weakened' the strength of the ura4 3Ј end formation signal, with the ability to increase polyadenylation at the upstream ura4 signal. Clearly both the central (b) and 3Ј (c) fragments level of polyadenylation in this region falling from 95% to 20% (Figure 5B; 3) . Moreover, this element was shown promote considerable levels of 3Ј end formation at the upstream ura4 signal ( Figure 5B , lanes 7 and 8), identifying to function in an orientation-specific fashion in the PAC assay. When the orientation of the 5Ј DSE was reversed, two short cis-acting signals in the 5Ј DSE with the capacity to pause the elongating polymerase. it failed to rescue levels of ura4 3Ј end formation ( Figure  5B ; 5). Furthermore, the 3Ј DSE, present in all of these
The orientation-dependent correlation between the high 'run-on' signal observed over the 5Ј DSE in vitro and the constructs, has also been shown to promote 3Ј end formation at upstream sites (unpublished data). These capacity of this element to promote utilization of an upstream processing site in vivo in the PAC assay, strongly results are consistent with the DSE functioning to pause from 70% to 100% (Figure 6; 1 and 3) . The CYC1 83 fragment works less efficiently in this PAC assay (15% level) but is significantly enhanced to an 80% level by the insertion of the 5Ј DSE downstream ( Figure 6 ; 4 and 5). As found previously, the effect of the 5Ј DSE is orientation-dependent (Figure 6; 6) . Moreover, introduction of the 5Ј DSE downstream of the mutated signal CYC1 Δ83 led to no detectable 3Ј end formation at the upstream signal (Figure 6; 7) . This shows that the 5Ј DSE does not mediate 3Ј end formation in isolation, but rather acts in concert with a functional polyadenylation signal to direct 3Ј end formation. These results demonstrate that the 49 bp 5Ј DSE is sufficient to elevate levels of 3Ј end formation at both 'strong' (CYC1 236) and 'weak' (CYC1 83) upstream polyadenylation signals.
Discussion
We have used a TRO assay to measure levels of polymerase density at the 3Ј end of the fission yeast ura4 gene in order to investigate the signals that direct transcription termination. The major advantage of this assay is that it measures levels of polymerase density rather than assessing the affect of transcription on other events within the cell.
ura4 transcription arrests at a number of heterologous sites close to the major ura4 poly(A) site. The finding that transcription terminates close to the 3Ј end processing site is consistent with a previous RT-PCR analysis where Fig. 6 . The 49 bp 5Ј DSE ura4 pause element is sufficient to increase no transcripts were detected Ͼ120 nucleotides beyond the CYC1 3Ј end formation in S.pombe. Poly(A) site competition assay. Constructs transformed into the nmt1 deletion strain are schematically ura4 poly(A) site . However, the represented along with the ability of each fragment to form CYC1 3Ј exact site(s) of transcription termination differs in the two ends. Northern blot analysis: 10 μg of total RNA extracted from given assays, with 'run-on' transcripts being detected some constructs was separated on a 1.5% denaturing formaldehyde gel, 60-320 nucleotides further downstream than in the steadytransferred to a nylon membrane and hybridized with an nmt1-specific state analysis. It is probable that RT-PCR analysis was 0.8 kb HindIII-StuI random primer-labelled probe. The percentage 3Ј end formation was calculated as the percentage of the smaller CYC1 3Ј
either not sensitive enough to detect the unstable primary end band to the total amount of RNA specific for the probe.
transcripts, or that the assay was actually measuring minor species of processed ura4 mRNA, present at low levels, such as those utilized in pNUM. suggest that DSE is functioning as a transcriptional pause region.
The results presented here demonstrate that as well as the 3Ј end formation signals located close to the poly(A) site , another distinct element The 49 bp 5Ј DSE ura4 pause element is sufficient to increase CYC1 3Ј end formation in S.pombe located 140-270 bp downstream of the processing site is involved in directing termination of transcription. In In order to investigate whether the 5Ј DSE signal was sufficient to mediate polymerase pausing, the effect of S.cerevisiae, the involvement of downstream termination signals has not yet been resolved. Signals up to 54 placing it in a PAC assay between two heterologous 3Ј end formation signals was determined by Northern nucleotides downstream of the ADH2 poly(A) site appear to be required for efficient 3Ј end formation when located blot analysis.
The 83 bp CYC1 fragment contains the signals sufficient in an intron (Hyman et al., 1991) . In addition an 83 bp fragment which encompasses the CYC1 polyadenylation for 3Ј end processing in S.cerevisiae in vivo (Ruohola et al., 1988) . The 236 bp CYC1 fragment, which has been signals and extends only 20 bp beyond the poly(A) site has been shown to be sufficient to direct termination of shown to direct 3Ј end processing in vitro (Butler and Platt, 1988) , includes these signals and extends 98 bp 5Ј transcription in a plasmid topology assay (Osborne and Guarente, 1988) and using TRO analysis (Osborne and and 55 bp 3Ј. Constructs CYC1 Δ83 and CYC1 Δ236 carry a 38 bp deletion which removes signals required for Guarente, 1989) . In contrast, this 83 bp CYC1 fragment failed to alleviate transcriptional interference imposed on efficient polyadenylation (Zaret and Sherman, 1982; Butler and Platt, 1988) . As found previously, the CYC1 236 the yeast centromeric element CEN3, with a 249 bp CYC1 fragment, which extends 100 bp beyond the poly(A) fragment mediates efficient 3Ј end formation, with the 38 bp deletion abolishing the ability of this region to direct site, functioning to 'protect' the centromere (Russo and Sherman, 1989) . While the results from this plasmid polyadenylation in fission yeast ( Figure 6 ; 1 and 2) (Humphrey et al., 1991) . Insertion of the ura4 5Ј DSE stability assay suggest that a downstream element may be involved in termination in yeast, it is also possible, as the between the CYC1 236 and nmt1 polyadenylation signals increases 3Ј end formation at the upstream CYC1 location authors point out, that the additional downstream sequence is required to prevent steric hindrance between the 3Ј signal . This raised the possibility that pause signals may also exist at the 3Ј end of pol IIend formation signals and those mediating centromere function. It has also been demonstrated using S.cerevisiae transcribed genes in yeast as found for both pol I and pol III. Our studies provide the first evidence for the presence nuclear extracts, that pol II transcription extends beyond the poly(A) site of the ADH2 and GAL7 genes, with of such pol II transcriptional pause signals which form an integral part of the termination signal. inefficient pausing and/or termination being observed at distinct sites downstream (Hyman and Moore, 1993) . We show here that a transcription termination signal is located
Materials and methods

140-270 bp downstream of the S.pombe ura4 poly(A)
PCR primers
site. Moreover, we show that this DSE is required for A list of oligonucleotide sequences used as PCR primers is given in efficient termination, with removal of this region resulting Connelly and Manley, 1988; . While the has been used as a selectable marker in S.cerevisiae due to its ability to increase plasmid copy number (Erhart and Hollenberg, 1983) . pdLEU2 mechanism employed to convey this information to the was constructed by substituting the wild-type LEU2 gene in pIRT2 polymerase complex is unknown, slowing the elongation (Promega) with a 1.7 kb HpaI-NruI fragment from the vector pYEULlacZ rate of the polymerase after the poly(A) signal would (Macreadie et al., 1991) (Humphrey et al., 1991) into the SmaI site of pIRT2. The 3.4 kb SalI fragment containing the ura4 gene from pUL was inserted into Eggermont and Proudfoot, 1993) . Indeed, the possibility the unique SalI site of pdLEU2 to produce pU. Construction of pNUT that transcriptional pausing may be associated with pol II involved replacing the 5Ј end of the ura4 gene with the nmt1 promoter.
termination in mammalian genes has been demonstrated The location at which each ura4 primer hybridizes to the ura4 gene is given relative to the HindIII site at position (0) shown in Figure 1 . The position at which the CYC1 primers hybridize is given with respect to the CYC1 translation start site.
PAC assay constructs washed twice in 0.2ϫ SSC, 0.1% SDS at 42°C for 20 min, then visualized and quantitated with a Molecular Dynamics phosphorimager. Constructs 2-5 used in the ura4-nmt1 PAC assay ( Figure 5B ) were generated by restricting constructs pNU (2), pNUM-5Ј DSE NheI (3),
The TRO assay followed a protocol modified from those described for S.cerevisiae (Elion and Warner, 1986; Warner, 1991) and S.pombe pNUM (4) and pNUM: r5Ј DSE (5) with AvrII* and SpeI*, then ligating these fragments into the unique StuI site present in the plasmid pnmt41 (Maundrell, 1990) . Cultures of 300 ml were grown in the presence of thiamine at a final concentration of 20 μM where appropriate, to an (Maundrell, 1990) . After removal of a second NheI site present in a pPAC:NUM-5Ј DSE NheI construct (3), annealed oligo pairs (a), (b) OD 600 of~0.1. Cells were harvested, washed and permeabilized for 20-30 min before being resuspended in 40 μl of 2.5ϫ transcription and (c) were inserted into the remaining NheI* site to form constructs 6, 7 and 8 respectively.
buffer (50 mM Tris-HCl pH 7.7, 500 mM KCl, 80 mM MgCl 2 ; Jerome and Jaehning, 1986) . Transcription was allowed to proceed for 2 min CYC1 fragments were generated using PCR on template pGYC1 (Butler and Platt, 1988) which carries the wild-type CYC1 3Ј end following the addition of dithiothreitol (DTT, 2 mM), rATP, rGTP, rCTP (1 mM) and 100-200 μCi of [α-32 P]rUTP (800 Ci /mmol, Amersham). formation signals and pG200R (Butler and Platt, 1988) which contains a 38 bp deletion described previously (Zaret and Sherman, 1982) . PCR Cells were then washed briefly with TMN (10 mM Tris-HCl pH 7.4; 5 mM MgCl 2 ; 100 mM NaCl) before total RNA was extracted as detailed products were either ligated directly or combined with 5Ј DSE in the pGEM7Zf(ϩ) polylinker before being introduced into the unique StuI above. After partial RNA hydrolysis for 5 min at 4°C (0.2 M NaOH) and neutralization (0.2 M Tris-HCl pH 7.2), samples were pre-hybridized site in pnmt41. The CYC1 236 and CYC1 Δ236 fragments were generated with primers 5Ј CYC1 and 3Ј CYC1 236 on templates pGYC1 and with 15 μg of single-stranded M13mp18 (RF) for 1 h, before being hybridized to immobilized single-stranded M13 probes. Uniformly pG200R respectively. CYC1 83 and CYC1 Δ83 were generated with primers 5Ј CYC1 and 3Ј CYC1 83 on templates pGYC1 and pG200R labelled transcripts were synthesized with T7 polymerase made under standard conditions. Filters were rinsed and washed twice in 0.2ϫ SSC, respectively, then restricted with Eco0190I*. CYC1 236, CYC1 83 and CYC1 Δ83 were introduced into the HincII site in pGEM3. The 49 bp 0.1% SDS for 20 min at 42°C. An additional RNase A wash step was performed on filters with short probes 1'-8' as described previously RsaI-AccI* fragment (5Ј DSE) was then ligated into the BamHI* site. Fragments released with PstI*-EcoRI* were ligated into the StuI site (Tantravahi et al., 1993) . 'Run-on' signals were then visualized and quantitated with a Molecular Dynamics phosphorimager. 'Run-on' data in pnmt41.
presented have been confirmed in at least three independent assays. M13 constructs Single-stranded probes for TRO analysis were constructed by ligating
